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Abstract
Background: Although the mechanisms of airborne particulate matter (PM) related health effects
remain incompletely understood, one emerging hypothesis is that these adverse effects derive from
oxidative stress, initiated by the formation of reactive oxygen species (ROS) within affected cells.
Typically, ROS are formed in cells through the reduction of oxygen by biological reducing agents,
with the catalytic assistance of electron transfer enzymes and redox active chemical species such
as redox active organic chemicals and metals. The purpose of this study was to relate the electron
transfer ability, or redox activity, of the PM samples to their content in polycyclic aromatic
hydrocarbons and various inorganic species. The redox activity of the samples has been shown to
correlate with the induction of the stress protein, hemeoxygenase-1.
Results: Size-fractionated (i.e. < 0.15; < 2.5 and 2.5 – 10 µm in diameter) ambient PM samples
were collected from four different locations in the period from June 2003 to July 2005, and were
chemically analyzed for elemental and organic carbon, ions, elements and trace metals and
polycyclic aromatic hydrocarbons. The redox activity of the samples was evaluated by means of the
dithiothreitol activity assay and was related to their chemical speciation by means of correlation
analysis. Our analysis indicated a higher redox activity on a per PM mass basis for ultrafine (< 0.15
µm) particles compared to those of larger sizes. The PM redox activity was highly correlated with
the organic carbon (OC) content of PM as well as the mass fractions of species such as polycyclic
aromatic hydrocarbons (PAH), and selected metals.
Conclusion: The results of this work demonstrate the utility of the dithiothreitol assay for
quantitatively assessing the redox potential of airborne particulate matter from a wide range of
sources. Studies to characterize the redox activity of PM from various sources throughout the Los
Angeles basin are currently underway.
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Background
Epidemiological and toxicological studies have described
associations between measured particulate matter (PM)
mass and adverse health outcomes [1-4]. When consider-
ing plausible biological mechanisms of injury, PM mass
may be a surrogate measure of other physical or chemical
properties of PM that are the causal factors associated with
the observed health outcomes. Several studies have since
attempted to link health effects or toxicity measurements
with particle characteristics such as particle size, number
concentration and chemical composition. For example,
there is accumulating evidence that ultrafine particles
(with diameters less than about 100–150 nm) may be
more toxic and biologically active on a per mass basis
than larger particles [5,6]. Other studies have found asso-
ciations with PM chemical constituents such as sulfate
[7,8], trace elements and metals such as silicon [9], vana-
dium [10], iron, nickel and zinc [11], as well as elemental
carbon [12,13], and polycyclic aromatic hydrocarbons
(PAH) [14]. In general, results from these studies have
been inconsistent due to the different health outcomes
considered, the likelihood that health effects are induced
by a combination of several physical or chemical proper-
ties of PM and the possibility of fortuitous associations,
inherent in studies involving hundreds of measured
organic and elemental chemical species that may be asso-
ciated with the observed health effects.
Although the mechanisms of PM related health effects
remain incompletely understood, an emerging hypothe-
sis, currently under investigation, is that many of the
adverse health effects derive from oxidative stress, of
which one pathway is the formation of reactive oxygen
species (ROS) within affected cells. There is a growing lit-
erature on health effects in association with cellular oxida-
tive stress, including the ability of PM to induce pro-
inflammatory effects in the nose, lung and cardiovascular
system [5,15,16]. High levels of ROS cause a change in the
redox status of the cell [17], i.e. the concentrations of the
oxidized over the reduced species of cellular antioxidants
such as glutathione [18], thereby triggering a cascade of
events associated with inflammation and, at higher con-
centrations, apoptosis [19]. Typically, ROS are formed in
cells through the reduction of oxygen by biological reduc-
ing agents such as NADH and NADPH, with the catalytic
assistance of electron transfer enzymes and redox active
chemical species such as redox active organic chemicals
and metals [5,20].
PM has been shown to possess the ability to reduce oxy-
gen to form ROS [21-23]. Li et al. [5] have reported a
chemical assay involving the measurement of dithiothrei-
tol (DTT) consumption that is capable of quantitatively
determining superoxide radical anion formation as the
first step in the generation of ROS. In this respect, the DTT
assay measures a chemical property of the PM sample
related to the ability if this sample to induce a stress pro-
tein in cells. Kuenzli et al. [24], measured the ability of
ambient fine particles (≤ 2.5 µm) collected in various
European cities to form hydroxyl radicals (•OH), as well
as to deplete physiologic antioxidants (ascorbic acid, glu-
tathione) in the reducing environment of respiratory tract
lining fluid. The objective of their study was to examine
how these toxicologically relevant measures were related
to other PM characteristics. Correlations between oxida-
tive activity and all other characteristics of PM were low,
both within centers and across communities. Thus, no
single surrogate measure of PM redox activity could be
identified. Using a different bioassay than that of the
Kuenzli et al [24] study, Chung et al [25] investigated the
ability of PM-bound organic species such as quinones to
generate reactive oxygen species (ROS) in PM samples col-
lected in Fresno, CA, over a 12-month period. ROS gener-
ation was investigated by measuring the rate of hydrogen
peroxide production from the reaction of laboratory
standards and ambient samples with DTT. ROS genera-
tion from ambient samples in that study showed a strong
positive correlation with the mass loadings of the three
most reactive quinones and accounted for almost all of
the ROS formed in the DTT test. In a previous study con-
ducted by our group in a dynamometer emissions testing
facility, Geller et al. [26] sought to determine the relation-
ship between physical and chemical characteristics of PM
and their redox activity in PM samples collected from die-
sel and gasoline passenger vehicles typically in use in
Europe. Results from that study showed a high degree of
correlation between several PM species, including ele-
mental and organic carbon, low molecular weight PAHs,
and trace metals such as nickel and zinc, and the redox
activity of PM as measured by the DTT assay. The reduc-
tion in PM mass or number emission factors resulting
from the various engine configurations, fuel types and-or
aftertreatment technologies, however, was non-linearly
related to the decrease in overall PM redox activity.
The present study is an extension of our efforts described
by Geller et al. [26] and Cho et al. [22] to link PM charac-
teristics from ambient samples to redox activity, using the
DTT assay. It should be noted that the DTT assay is a
chemical procedure conducted in buffer, not cell culture
media. The purpose of the assay is to describe, in quanti-
tative terms, the ability of the sample to transfer electrons
from DTT to oxygen. Cellular studies with murine macro-
phages have shown a correlation of this activity with
hemeoxygenase-1 induction ability [5], but no direct rela-
tionship to a health related endpoint such as asthma inci-
dence has been shown for this or any other chemical
assay. However, by using this assay and by conducting a
new measurement campaign where PM samples were col-
lected in various environments (road tunnel, freeway,Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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background sites), the redox activity of different PM sam-
ples was determined and associated with their chemical
characteristics. Also, a robust statistical analysis was con-
ducted to underpin such associations. This field study was
intended to contribute to the very limited body of litera-
ture linking PM characteristics to biologically meaningful
properties such as the oxidative potential of atmospheric
aerosols.
Results
Sample concentration and chemical speciation
The concentration and chemical speciation of PM samples
collected in four different locations are shown in Table 1.
The mass concentration of the PM samples is shown in the
third column of the table. The remaining columns
describe the results of the chemical analysis for EC and
OC, nitrate, sulfate and inorganic metals and trace ele-
ments. The last column in this table shows the DTT activ-
ity (in nmoles of DTT consumed per min and per µg of
PM), which is discussed in the following section. Organic
carbon is the most abundant material in PM2.5 and PM0.15
modes in most of the samples. Organic carbon species
may originate either directly from vehicle exhaust, which
is a more prevalent PM source next to the CA-110 and in
the Caldecott tunnel, or from secondary particle forma-
tion, which would be more pronounced in the receptor
site of Riverside. However, organic material can be also
collected due to adsorption of gaseous organic species on
the filter surface, a process that results to a positive mass
artifact on the filter. This is particularly true for the quartz
filters used for the EC/OC analysis and it is the reason that
the mass reconstruction by chemical analysis is higher
than the weighted mass for three of the samples collected
(Caldecott Bore 2- PM0.15, and CA-110 PM0.15 and PM2.5).
Sampling artifacts (positive or negative) cannot thus be
excluded for the other sampling locations. However, Fig-
ure 1 shows that with the exclusion of the two outliers
from the CA-110 freeway, the mass concentration derived
by filter weighing and the reconstructed PM mass from
chemical analysis are in very good agreement, indicating
that the effect of these artifacts is limited at all other sam-
pling locations. The reconstructed mass varied between 79
and 95% of the measured mass, which confirms the con-
sistency and overall reliability of the chemical measure-
ments.
Elemental carbon is 10–25% of the PM0.15 mode next to
the freeway and in the tunnel, while it represents a much
lower fraction (< 5%) at background and receptor sites.
This is a strong indication that EC in the Los Angeles Basin
mainly originates from road traffic emissions. Nitrate
(most of which is in the form of ammonium nitrate), is
particularly high in Downey and Riverside compared to
the rest of the locations. The high nitrate levels at River-
side are of particular note and consistent with previous
studies in that area, and reflect the result of atmospheric
reactions of nitric acid with fugitive ammonia, largely
emitted from the nearby upwind dairy farms in the area of
Chino, CA [27,28]. Sulfate concentrations are generally
low and do not show any clear trend with proximity to
Table 1: Mass concentration, chemical composition and DTT activity of different PM size ranges in four sampling locations (nmol min-
1 µg-1).
Size Mode Sampling Period Location Mass (µg m-3 EC (%) OC (%) NO3 (%) SO4 (%) Metals &Elements (%) DTT activity 
(nmol min-1 µg-1)
PM0.15 June 2003 Downey 5.0 5.0 41.0 6.5 16.0 20.4 0.061
July 2003 Downey 5.9 2.0 41.0 4.9 17.6 31.1 0.083
July 2003 Riverside 7.6 2.0 29.0 13.0 21.0 27.0 0.052
August 2004 Riverside 7.6 3.7 43.8 17.1 9.1 6.7 0.053
Sept. 2004 Caldecott B1 24.5 20.5 47.3 1.6 4.3 13.1 0.111
Sept. 2004 Caldecott B2 0.6 10.5 74.7 1.9 4.9 27.7 0.172
January 2005 CA-110 3.8 24.0 178.0 42.7 22.8 4.5 0.042
PM2.5 June 2003 Downey 17.6 2.0 18.0 24.0 6.5 31.0 0.036
July 2003 Downey 43.6 1.0 32.0 21.0 7.0 36.0 0.021
July 2003 Riverside 27.9 2.0 22.0 34.0 9.4 30.3 0.027
August 2004 Riverside 26.9 2.0 22.0 34.0 9.4 30.3 0.028
July 2005 Riverside 22.1 1.3 24.5 14.6 10.9 31.0 0.026
Sept. 2004 Caldecott B1 36.7 4.8 48.9 3.3 3.3 26.8 0.068
Sept. 2004 Caldecott B2 15.4 2.7 41.8 0.9 2.1 24.1 0.075
January 2005 CA-110 14.9 25.8 148.0 39.7 15.3 9.9 0.025
Coarse Sept. 2004 Caldecott B1 0.5 1.2 37.7 3.3 2.7 42.6 0.019
Sept. 2004 Caldecott B2 0.7 0.4 14.0 0.6 2.2 52.8 0.032
January 2005 CA-110 8.3 0.4 21.1 3.5 1.4 22.9 0.017Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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freeways or to receptor sites, an indication that sulfate in
this area is mostly associated with the regionally dis-
persed, spatially homogeneous background aerosol.
The inorganic and trace elements detected accounted for
up to ~50% of the total mass for coarse particles. Their
fraction decreased in PM2.5 and especially PM0.15 samples.
The most abundant single element detected was Si, with a
mass fraction ranging between 1–17% of PM mass. The
second most abundant element was iron (Fe) with a frac-
tion reaching up to 15% in the coarse mode. The abun-
dance of Fe was up to 10% also in the PM0.15 mode, for
samples collected in sites affected by traffic. Al, Ca and Cl
were the third more abundant species, with relative abun-
dances ranging from 0.5% (0.05% for Cl) to 10% of the
PM mass in each size range. All other elements were found
at lower concentrations. Na and S reached up to 3%, Mg,
K, Ti, Cu, Zn and Ba reached up to 1% of the total PM
mass per size mode. Finally, a number of other trace ele-
ments were detected, with a contribution at- or below
0.1% of the total mass. The most significant of those, with
decreasing order of abundance (mean value for all sam-
ples shown in parentheses), were Sb (0.1%), Mn (0.1%),
Pb (0.08%), Sn (0.05%), Zr (0.05%), P (0.04%), Cr
(0.03%), Ni (0.04%) and V (0.03%).
PAH were also measured with the exception of samples
collected in Riverside (Figure 2). The PAH species were
divided into three groups for analysis, based on their
molecular weight. The first group consisted of four species
(Fluoranthene, Pyrene, Benz [a]anthracene and
Chrysene) with a molecular weight between 202 and 228.
The second group consisted of the PAHs (Benzo
[k]fluoranthene, Benzo [b]fluoranthene, Benzo
[a]pyrene) with a molecular weight of 252. The third
group was comprised of PAHs with molecular weight in
the range of 276–278 (Benzo [g, h , i]perylene, Indeno
[1,2,3-cd]pyrene, Dibenz [a, h]anthracene). Generally,
PAH concentrations increase with decreasing particle size,
with the maximum concentrations observed for the two
lighter species (Fluoranthene and Pyrene). The maximum
total PAH concentrations were found for samples col-
lected in the roadway tunnel. The concentration of heavier
PAHs is higher in the gasoline-only tunnel, while the con-
centration of lighter components (PAH202-228) is higher
in Bore 2, where diesel traffic is also permitted. This is con-
sistent with previous studies [29,30] which showed that
the PAH profile of gasoline vehicles is shifted towards the
heavier molecular weight species compared to diesel vehi-
cles.
DTT activity
The DTT activities of the 18 samples are shown in the last
column of Table 1. The DTT activity is highest in the
PM0.15 mode, followed by the PM2.5 and the coarse modes
at all sampling sites, with averages of 0.088 (± 0.040),
0.038 (± 0.022) and 0.023 (± 0.009) nmoles DTT per min
per µg PM for ultrafine, PM2.5 and coarse PM, respectively.
The PM2.5 fraction contains all PM less than 2.5, including
the PM0.15 mode. Similar observations regarding the effect
of particle size on per mass DTT activity were also made
by Cho et al. [22] in their tests in various locations in the
Los Angeles Basin. More importantly, the redox activity
becomes maximum for PM0.15 sampled in the road tun-
nel, which is directly influenced by the on-road fresh
emissions. Interestingly, the highest DTT activity per mass
of PM was associated with the sample collected in the
gasoline only tunnel bore (B2) of the Caldecott tunnel.
This result is also consistent with the dynamometer study
by Geller et al. [26], that showed higher PM redox activity
per mass of PM emitted by a gasoline over a diesel vehicle.
Discussion
Univariate correlation between redox activity and PM 
species
As a first step in our exploratory data analysis, we
attempted to identify correlations between the DTT redox
Correlation between the gravimetrically determined and  chemically reconstructed PM mass Figure 1
Correlation between the gravimetrically determined 
and chemically reconstructed PM mass. The figure 
shows a very good correlation between the PM mass deter-
mined gravimetrically from the Teflon filters and the PM 
mass reconstructed from chemical analysis (mostly on quartz 
filters) for samples collected in four different locations. 
There are two exceptions where positive adsorption arti-
facts are obvious for the quartz filter samples collected next 
to the CA-110 freeway. Excluding these two outliers, this 
graph indicates that the effect of these artifacts is limited at 
all other sampling locations.Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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activity measured in PM samples and their composition in
EC, OC ions, elements and PAHs. Table 2 shows the Pear-
son correlation coefficients (R) and the associated coeffi-
cient of significance (p). All particle size ranges (PM0.15,
PM2.5 and coarse PM) have been combined in this correla-
tion. This analysis shows limited and not statistical signif-
icant correlation of DTT activity with EC, NO3, SO4 and
the sum of metals and elements determined. None of the
individual metals and elements measured was signifi-
cantly correlated with DTT activity, with the exception of
Cr, which led to a Pearson coefficient of 0.65 albeit not
statistically significant at a significance level of 0.05. The
correlation between DTT and OC levels was not signifi-
cant when all 18 samples are taken into account. How-
ever, this includes the two unrealistically high OC values
determined in the PM0.15 and PM2.5 samples next to the
CA-110 (Table 1), a likely result of positive sampling arti-
facts, as discussed earlier. Exclusion of these two values
leads to a much improved, and statistically significant cor-
relation (R = 0.87). All measured PAHs were significantly
correlated with DTT activity at the p = 0.05 level. Most
importantly, DTT activity is highly correlated with the
heavier classes of PAH species, with Pearson coefficients
as high as 0.95 for the 13 samples for which PAH analysis
was available. The difference between the correlation coef-
ficient for the lighter PAHs and the heavier species may
reflect differences in the volatility of the redox active spe-
cies. Also, lighter PAHs may also be prone to sampling
artifacts, similar to total OC. However, in our case,
removal of the two CA-110 samples did not significantly
change the correlation. Despite these differences, the
results of Table 2 show that the organic component of the
PM samples is an important factor in determining their
redox activity. These correlations were established inde-
pendently of particle size, i.e. they are applicable for the
whole size range of inhalable particles.
Table 2: Pearson correlation coefficients (R) and level of 
significance (p) for DTT activity with different PM species
Species R p
EC 0.26 0.30
OC 0.12 0.64
OC (excluding two unrealistic values) 0.87* < 0.01
NO3 -0.45 0.06
SO4 -0.08 0.75
Metals and elements -0.19 0.45
PAH 202–228 (FLU, PYR, BaA, CHR) 0.57* 0.04
PAH 252 (BkF, BbF, BaP) 0.92* < 0.01
PAH 276–278 (BghiP, IcdP, dBahA) 0.95* < 0.01
* indicates significance at the p = 0.05 level
PAH content in size-fractionated PM samples, per sampling location Figure 2
PAH content in size-fractionated PM samples, per sampling location. The PAHs have been grouped according to 
their molecular weight as schematically shown on the rightmost panel for all four sampling locations. Note the logarithmic scale 
on the x-axis. The highest PAH concentrations were found for samples collected in the tunnel. Interestingly, the concentration 
of heavier PAHs is higher in the gasoline-only tunnel bore while the PAH profile is shifted to relatively lighter components in 
the mixed gasoline-diesel bore.Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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We further explored correlations of DTT activity with indi-
vidual species within each particle size mode. Table 3
presents the results of these correlations for the PM0.15 and
PM2.5 modes, for which an adequate sample size was
available. The results in this table demonstrate that there
is no correlation with EC and a significantly negative cor-
relation at the p = 0.05 level with NO3 and SO4. None of
these species can be considered responsible for the redox
activity of the PM samples, even within each particle size
mode. In contrast, the positive DTT correlation with OC is
evident even within each particle size mode. Table 4 also
shows high Pearson coefficients between the DTT activity
and several transition metals, such as Mn, Fe, Cu, Zn, and
metals Pb and Ba. The correlations with Mn and Zn are
only significant in the PM0.15 mode. The DTT correlation
with transition metals is also shown in Figure 3.
Although the redox activity of transition metals in biolog-
ical reactions is well-established [31,32], the DTT assay in
general does not reflect metal-based redox activity [22]
especially for transition metals such as Cu and Fe. An
important finding of the current study, however, is that
while transition metals are not correlated with DTT activ-
ity in the pooled samples of particles from different size
ranges, a strong correlation exists for PM2.5 and PM0.15
samples. As evidenced in the results shown in Table 3, sev-
eral of the transition metals in the PM0.15 and PM2.5 ranges
are highly correlated with PAH, possibly due to their com-
mon sources (e.g. vehicle exhaust emissions). For exam-
ple, the Pearson correlation coefficients between PAH
with molecular mass above 252 and Mn, Fe, Cu, and Zn
are 0.86, 0.95, 0.96 and 0.99, respectively. Hence, the very
high correlations of transition metals and DTT activity in
Figure 3 might more probably be attributed to the high
correlation of metals and PAH in the PM samples, espe-
cially in the PM0.15 mode.
Multivariate correlations between PM chemical 
constituents and DTT activity
The role of PAHs
The previous analysis demonstrated that the redox activity
of PM is highly correlated with their PAH content and,
Correlation of DTT activity with different transition metals Figure 3
Correlation of DTT activity with different transition 
metals. Particulate samples are distinguished in two differ-
ent particle size fractions (PM0.15 and PM2.5). The four panels 
show the correlation of the DTT activity of two different PM 
size fractions (PM0.15 and PM2.5) with (a) Mn, (b) Fe, (c) Cu, 
(d) Zn, respectively. These graphs show that despite the 
DTT activity of PM samples is not correlated with transition 
metals in the pooled samples of different size ranges (Table 
2) there is a strong correlation with some metals within the 
two particle size fractions. This may probably be an artifact of 
the high correlation of metals and PAHs in these samples.
Table 3: Pearson correlation coefficients (R) and level of 
significance (p) for DTT activity of species measured within the 
PM0.15 and PM2.5 size ranges
Species PM0.15 PM2.5
RpRp
EC 0.14 0.77 -0.18 0.70
OCa 0.92* 0.01 0.79* 0.05
NO3 -0.63 0.13 -0.81* 0.03
SO4 -0.75* 0.05 -0.80* 0.03
Metals and elements 0.44 0.31 -0.12 0.80
Na -0.66 0.11 0.03 0.95
Mg - - -0.52 0.29
Al -0.10 0.83 -0.67 0.10
Si -0.04 0.93 -0.63 0.13
Cl 0.15 0.75 0.63 0.13
K -0.06 0.89 -0.69 0.09
Ca 0.55 0.20 -0.62 0.14
Ti 0.66 0.11 0.67 0.10
V 0.32 0.53 0.19 0.76
Cr 0.53 0.28 0.86* 0.05
Mn 0.90* 0.01 0.78 0.12
Fe 0.95* < 0.01 0.96* < 0.01
Ni 0.55 0.26 -0.46 0.36
Cu 0.95* < 0.01 0.94* < 0.01
Zn 0.93* < 0.01 0.52 0.23
Br -0.30 0.52 -0.54 0.21
Sr 0.74 0.09 0.70 0.12
Zr 0.80 0.10 0.86 0.06
Sn 0.71 0.18 -0.10 0.87
Ba 0.89* 0.04 0.92* 0.01
Pb 0.95* < 0.01 0.88* 0.02
a Two unrealistic values have been removed from the OC samples, 
similar to Table 2.
* indicates significance at the p = 0.05 levelParticle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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depending on PM size fraction, with their content in tran-
sition metals. The univariate regressions employed in the
analysis of the previous section may not be in the position
to discriminate and independently quantify the impact of
PAHs and transition metals. We therefore applied multi-
variate regressions in order to separate their effects. This
was performed by means of SPSS 12.0 on the samples for
which PAH analysis was available. The results in Table 2
showed that PM redox activity is highly correlated to both
medium and heavy PAH species, with Pearson coefficients
exceeding 0.9 in both cases. We therefore decided to
group these two PAH categories together and apply the
regression to the sum of PAH species with molecular
weight above 252. It is reminded that this pooled sample
consists of six species (BkF, BbF BaP, BghiP, IcdP, dBahA).
The multivariate regression employed was performed in
three steps. As a first step, the regression only involved the
measured DTT activity and the total mass of these six PAH
species. This regression yielded a high correlation coeffi-
cient (R2) of 0.91. The reconstructed DTT activity based on
this correlation is plotted as a function of the measured
DTT activity in Figure 4a. The slope of the correlation is
0.91 and the intercept is 0.005, which corresponds to 28%
of the minimum DTT activity measured. This is already a
very satisfactory correlation, especially considering that it
includes samples in three different particle size modes,
collected in four different locations (Downey, CA-110,
and Caldecott Bore 1 and 2). It therefore indicates that the
heavy PAH content of PM is a very robust indicator of
their redox activity.
PAHs do not contain functional groups that have the
capacity to reduce oxygen and form the superoxide radical
anion. However, relevant oxygenated and-or other redox
active functional groups constituents can be generated
from the transformation of PAH via combustion, atmos-
pheric chemistry or in vivo biotransformation. For exam-
ple, Sun et al. [33] demonstrated the formation of two
benzo(a)pyrene quinones (1,6 and 3,6-quinones) via
biotransformation of the parent compound coated on
diesel particles. There are numerous cites on the larger
molecular weight PAHs for quinone formation, and there-
fore a particular PAH may lead to DTT activity that reflects
a number of quinone isomers formed from the parent
compound. Schuetzle et al. [34] reported a wide range of
organic compounds generated by vehicles, including
PAH-quinones, PAH ketones, and carboxaldehydes, all of
which may be transformed to quinones via atmospheric
chemistry or biotransformation. Other compounds that
have potential DTT activity include aromatic nitro-PAH
groups that are formed via atmospheric chemistry [35].
Schuetzle et al. [34] reported a number of nitro-PAHs
from vehicle emissions. The emissions of nitro-PAHs
from diesel vehicles have been described in a wide range
Correlation of measured and reconstructed DTT activity for  samples in all size modes Figure 4
Correlation of measured and reconstructed DTT 
activity for samples in all size modes. (a) Correlation 
with PAH of molecular weight equal or greater than 252, (b) 
Correlation with PAH and Cl, (c) Correlation with PAH, Cl, 
Cr and V. The thin line is the chart diagonal representing the 
1:1 line. The correlations demonstrate the strong correlation 
of DTT activity and PAH which may act as surrogates for 
other functional groups that have the capacity to reduce oxy-
gen, such as quinones and aromatic nitro-PAHs. The correla-
tion also improves and the intercept decreases when, 
gradually, Cl, Cr and V are introduced in the regression. The 
regression parameters that can be used to quantify the 
effects of each species on the DTT activity are given in Table 
4.Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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of publications summarized by Arey [35]. These com-
pounds have not been investigated in the DTT reaction to
date.
Combined effect of PAHs and inorganic species in the statistical 
correlation
The second step in the multivariate regression, involved
the introduction of each of the additional species meas-
ured (ions, elements and metals) in the regression. This
was performed on one-by-one basis, by examining the sta-
tistical significance (significance level 0.05) of the
improvement in the correlation, introduced by each spe-
cies. Interestingly, the correlation of halogens (Cl, Br)
with the DTT activity was found to be negative at a signif-
icance level of < 0.05 after the PAH effect was taken into
account. However, only Cl was included in the final mul-
tivariate regression because Br was not measured for one
of the samples and its inclusion would reduce the sample
size. The restructured DTT activity, taking into account
both PAH and Cl, over the measured one is shown in Fig-
ure 4b. By taking Cl into account, the correlation coeffi-
cient increased to 0.95 and the intercept further decreased
to 0.0026 (15% of the minimum measured value).
The third step was similar to the second one, by examin-
ing species that could further improve the correlation on
a statistically significant basis. The analysis indicated that
both Cr and V could independently lead to an improve-
ment in the correlation at a significance level of 0.05. We
thus combined the mass fractions of these two metals per
sample and applied the regression on their sum. The final
reconstructed signal over the measured one is shown in
Figure 4c. The resulting correlation coefficient is 0.98 and
the intercept is almost zero. All species (variables)
included in the regression are mutually independent, as
revealed by their very low correlation coefficients (max R2
of 0.22 between PAH and Cr). No additional species
improved the correlation at a statistically significant level,
hence the multivariate regression was concluded at this
third step. As a result, no other transition metals appeared
in the multivariate regression. This is probably because
Mn, Fe, Cu, and Zn are already highly correlated with
PAHs within each particle size range and thus offer no
additional explanation of the DTT activity. On the other
hand, Cr and V are independent of PAHs and their effect
on PM redox characteristics becomes evident.
The presence of Cr and V in the regression model should
probably be considered only an effect of their statistical
independence to PAH. It is conceivable that more transi-
tion metals would appear in this correlation in a larger
dataset of PM samples, possibly collected in more loca-
tions impacted by a variety of sources, where metals and
PAHs would be independent. This finding illustrates per-
haps one of the most serious limitations of any study
attempting to link toxicological PM properties strictly to
their chemical composition: The inevitable association
between species originating from the same source (or
group of sources) confounds our ability to assess the
degree to which they are individually responsible for toxic
effects attributable to PM. An alternative, and possibly
more effective approach in determining PM toxicity is to
link the toxic potential of PM to different sources by using
source apportionment techniques based on particle
chemical composition [36].
Recognizing the limitations discussed above, the regres-
sion parameters can be used to quantify the effect of each
species on the DTT activity. Table 4 summarizes this infor-
mation. The reconstructed DTT activity shown in Figure 4c
is calculated as a summation of the products of the
unstandardized coefficient values with the PAH sample
content (in µg PAH per g of PM mass), Cl (%) and Cr+V
(%). The last column in Table 4 shows the significance
level for all independent variables utilized and confirms
their statistical significance. It also illustrates the fact that
a constant (intercept) is required to bring the recon-
structed DTT activity at the same level with the measured
one. To date, Cl, Cr and V have not been assayed individ-
ually for DTT activity, and their contribution may reflect a
statistical artifact, but further investigations are necessary.
In general, metals and ions are not active in the DTT assay,
as noted earlier, because the DTT assay measures superox-
ide radical anion formation, and is not an element of the
Fenton reaction, where metals serve as catalysts for
hydroxyl radical formation.
The relative contribution of each independent variable on
the DTT activity can be obtained by the coefficients of the
standardized variables. These coefficients correspond to
the change of the standardized DTT activity variable per
standard variation change of any of the independent vari-
ables. For example, the DTT activity would change by 0.81
Table 4: Parameters of the multivariate regression analysis between DTT activity and PM chemical composition
Independent Variables Unstandardized Coefficients Standardized Coefficients Significance level
Value Std. Error
Constant 0.0152 0.0033 0.001
PAH > 252(µg per g of PM mass) 1.43 × 10-4 8.78 × 10-6 0.812 < 0.001
Cl (%) -3.40 × 10-3 7.3 × 10-4 -0.199 0.001
Cr+V (%) 0.166 0.0386 0.214 0.002Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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standard deviations (0.035 nm min-1 µg-1) for one stand-
ard deviation change of PAHs (243 µg per g of PM mass).
On the other hand, the DTT activity would only change by
0.21 standard deviations per standard deviation change in
Cr+V (0.071%) in the PM sample. If this is considered as
an indicator of relative potency of each species, PAHs with
a molecular weight above 252 have ~4 times higher redox
inducing potency than the sum of Cr and V in the sample.
We need to emphasize again that it is premature at this
stage to draw conclusions about the role of transition met-
als in the redox activity of PM when measured by the DTT
assay. However, in addressing the toxicity of airborne PM,
it is apparent that a wide range of organic compounds and
metals may be actively involved in the resulting health
effects through ROS formation and oxidative stress or
direct electrophilic reactions. Some of these compounds
will be active in the DTT reaction, e.g., naphthoquinones
and phenanthroquinones, but others will exert their tox-
icity while interacting with macromolecules (enzymes
and DNA) through direct chemical covalent bond forma-
tion. The result of electrophilic chemistry will be oxidative
stress impairment via signal transduction pathways,
which represents a broader, more complete definition of
oxidative stress. This pathway has been demonstrated for
both quinones and metals [37,38]. Examples include
organic species such as benzoquinone, naphthoquinone
and phenanthroquinone, and metals such as Zn. There-
fore some species may act to elicit oxidative stress via two
pathways, ROS formation and electrophilic chemistry.
Future research should focus on the formation of ROS
because of the catalytic nature of the process as well as the
electrophilic chemistry that results in irreversible bond
formation and subsequent toxicity.
Conclusion
The results of this work, combined with the earlier find-
ings by our center [5,22,26], demonstrate the utility of the
DTT assays for quantitatively assessing the redox potential
of airborne particulate matter from a wide range of
sources. First, the DTT assay resulted in higher redox activ-
ity for PM samples in the ultrafine mode, while the activ-
ity decreased for PM samples in the fine and coarse modes
respectively. Given that the assay should not be sensitive
to the physical particle dimensions, the observed associa-
tions will have to be attributed to the distinct chemical
character of particles in different size fractions. Second,
the correlation of DTT activity with PAHs indicates that
organic compounds with affinity to PAH or PAH deriva-
tives are responsible for the redox properties of the PM
samples. Finally, inorganic species such as metals, that
may be actively involved in the resulting health effects
through ROS formation and oxidative stress or direct elec-
trophilic reactions, also show up in the correlations.
Although these species are not expected to contribute to
the measured DTT consumption rate by means of a direct
chemical mechanism, their presence in the statistical asso-
ciations demonstrates that they act as surrogates of a par-
ticularly redox active PM source.
Information collected by the DTT and similar assays
would allow for more effective regulatory strategies with
respect to pollution source control, more targeted air
quality standards, and ultimately, reductions in popula-
tion exposure to the most harmful types of PM. Further-
more, once the most health relevant PM sources are
identified, the list of hazardous particle characteristics can
be narrowed down, thereby making more targeted mech-
anistic investigations of PM health effects possible.
Methods
Sampling sites and periods
Sampling took place at four diverse sites, during the
period of June 2003 to July 2005. These sites were at
Downey, Riverside, the vicinity of the CA-110 freeway,
and the two bores of the Caldecott tunnel. The first three
sites are located in the Los Angeles basin, whereas the Cal-
decott tunnel is located in the metropolitan area of San
Francisco, at Orinda, CA. Detailed information about the
Los Angeles Basin sites is given by Sardar et al. [28].
Briefly, Downey, located in central Los Angeles, is down-
wind of the "Alameda corridor", a narrow industrial zone
and transportation route between the Ports of Los Ange-
les/Long Beach and Downtown Los Angeles. The area is
characterized by a high density of diesel trucks, which
serves to transfer overseas cargo from the port to industrial
sites, warehouses, and the rail yards near downtown Los
Angeles. The Downey site is approximately 10 km down-
wind of some oil refineries, 1–2 km downwind of two
major freeways, and is heavily impacted by vehicular
sources. Riverside is about 90 km east of downtown Los
Angeles. The site is also about 25 km downwind of the
Chino area dairy farms, a strong ammonia source leading
to high concentrations of ammonium nitrate [39]. The
area is upwind of surrounding freeways and major roads.
The predominantly westerly wind transports particles gen-
erated near central Los Angeles toward Riverside, resulting
in an aged and photochemically processed aerosol. River-
side is also characterized by some of the highest PM levels
in the Basin. Measurements at the CA-110 freeway were
conducted at 2.5 m from the edge of the freeway (as
described in Kuhn et al. [40]). This freeway connects
downtown Los Angeles and Pasadena, CA. On this stretch
of the freeway, only light-duty vehicles are permitted, thus
affording a unique opportunity of studying emissions
from pure light-duty traffic under ambient conditions.
Finally, the 1.1-km long Caldecott Tunnel includes three
two-lane bores with a 4.2% incline from west to east.
Bores 1 and 3 allow both light-duty vehicles and heavy-
duty vehicles, while Bore 2 is restricted to light-duty vehi-Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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cle traffic only. Traffic flows from west-to-east in Bore 1,
east-to-west in Bore 3, and the direction of traffic switches
from westward in the morning to eastward in the after-
noon and evening in Bore 2. Field sampling was con-
ducted in the afternoon in Bores 1 and 2 (B1 and B2) for
4 days each from approximately 12 p.m. to 6 p.m., when
all traffic in the two bores traveled eastward.
In each site, size fractionated PM samples were collected
over a period of 2–3 weeks, for about 5 days per week, and
6–7 hrs/day. Thus each sample is a composite of some
70–100 hrs of collection.
Sampling process and analysis
Coarse (i.e. particles with aerodynamic diameter 2.5–10
µm), fine (PM2.5, < 2.5 µm), and ultrafine (PM0.15 < 0.15
µm) particles were collected at the these sites by the Versa-
tile Aerosol Concentration Enrichment System (VACES),
in a process described in greater detail by Li et al. [5] and
Cho et al. [22]. Briefly, the VACES uses three parallel sam-
pling lines (concentrators) to simultaneously collect
coarse and fine particles at a flow rate of 120 liters per
minute (lpm) into a liquid impinger (BioSampler™, SKC
West Inc., Fullerton, CA) at 5 lpm. Particles are injected
into the BioSampler in a swirling flow pattern so that they
can be collected by a combination of inertial and centrif-
ugal forces. This inertia-based collection mechanism, cou-
pled with the short residence time on the order of 0.2 s for
particles and gases in the Biosampler precludes any inad-
vertent trapping of gaseous co-pollutants in the particu-
late layer.
In each sampling line of the concentrator, coarse PM,
PM2.5 and PM0.15 were concentrated from a flow of 120
lpm to a flow of 6 lpm, thereby, being enriched by a factor
of 20. From the 6 lpm of concentrated flows samples, 4
lpm was drawn through the BioSampler connected to the
respective minor flow, while 2 lpm passed through diffu-
sion dryer for PM2.5 and PM0.15 only to remove excess
water and dry the aerosol. Diffusion drying of coarse PM
was not considered necessary since it is concentrated with-
out hydration of the aerosol. The dry concentrated aerosol
flow was then split into two equal halves of 1 lpm, each
diverted into a filter sampler consisting of either a 47-mm
Teflon filter (2-mm pore PTFE; Gelman Science, Ann
Arbor, MI) or a 47 mm prebaked quartz filter (Pallflex
Corp., Putnam, CT). The PTFE filters were used to deter-
mine particle mass and the metal content, whereas quartz
filters were used to determine the PM content of elemen-
tal and organic carbon (EC-OC), inorganic ions, and
PAHs.
For measurement of mass concentrations, the PTFE filters
were weighed before and after each field test using a Met-
tler 5 Microbalance (MT 5, Mettler-Toledo Inc., Highs-
town, NJ), under controlled relative humidity (40–45%)
and temperature (22–24°C) conditions. At the end of
each experiment, filters were stored in the control humid-
ity and temperature room for 24 h prior to weighing to
ensure removal of particle-bound water. The concentra-
tion of trace elements and metals was determined by
means of X-ray fluorescence subsequent to filter weighing.
The quartz filters were cut into two unequal parts, 1/4 and
3/4 of the total filter. The smaller piece was analyzed by
means of ion chromatography to determine particle-
bound sulfate and nitrate concentrations. A small area (1
cm2) of the remaining filter (3/4) was removed to deter-
mine the EC and OC content of PM. EC and OC were
determined using a thermal optical transmittance method
as specified in NIOSH method 5040 (Birch [41]). The
remaining portion from the filter above was used to deter-
mine the concentrations of PAH using procedures
described elsewhere [42]. In brief, the filters correspond-
ing to each size range were ultrasonically extracted with
dichloromethane and the PAH content of the dichlo-
romethane extract was analyzed by high-pressure liquid
chromatography fluorescence using NIST SRM 1649a as
the positive control.
The DTT assay is described in greater detail by Cho et al.
[22]. This assay provides a measure of the overall redox
activity of the sample based on its ability to catalyze elec-
tron transfer between DTT and oxygen in a simple chemi-
cal system. We have used this assay because it provides a
quantitative measure of redox activity that can be normal-
ized to mass or air volume such that samples from differ-
ent sources can be compared. Other assays used for this
purpose include the consumption of ascorbate [43], oxi-
dation of dichlorofluorescin [44] and an ESR procedure
[45] to monitor the levels of free radical species. We have
not compared the DTT assay directy to other assays, but
have observed that ascorbate consumption by PM is sen-
sitive to metal chelating agents, whereas DTT consump-
tion is not, suggesting that former procedure monitors
redox activity of particle-bound metals, whereas the latter
the redox activity of mostly organic species, as it is dis-
cussed in this paper.
The electron transfer is monitored by the rate at which
DTT is consumed under a standardized set of conditions
and the rate is proportional to the concentration of the
catalytically active redox-active species in the sample. In
brief, the Biosampler PM samples of known mass are
incubated at 37°C with DTT (100 mM) in 0.1 M potas-
sium phosphate buffer at pH 7.4 (1 mL total volume) for
times varying from 0 to 30 minutes, and the reaction
quenched at preset times by addition of 10% trichloroace-
tic acid. An aliquot of the quenched mixture is then trans-
ferred to a tube containing Tris HCl (0.4 M, pH 8.9),
EDTA (20 mM) and 5,5'-dithiobis-2-nitrobenzoic acidParticle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
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(DTNB, 0.25 mM). The concentration of the remaining
DTT is determined from the concentration of the 5-mer-
capto-2-nitrobenzoic acid formed by its absorption at 412
nm. The DTT consumed is determined from the difference
between the mercaptobenzoate formed by the blank and
that formed by the sample. The data collected at the mul-
tiple time points is used to determine the rate of DTT con-
sumption, which is normalized to the quantity of PM
used in the incubation mixture.
Abbreviations
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OC organic carbon
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VACES versatile aerosol concentration enrichment system
Competing interests
The author(s) declare that they have no competing inter-
ests.
Authors' contributions
LN collected and processed the data, performed the statis-
tical analysis and evaluated the results. JRF participated in
the data evaluation and interpretation. AKC overviewed
the DTT tests and reported the results of the analysis. CS
conceived the study, and participated in its design and
coordination and helped to draft the manuscript. All
authors read and approved the final manuscript.
Acknowledgements
This research was supported by the Southern California Particle Center 
(SCPC), funded by EPA under the STAR program through Grant RD-8324-
1301-0 and the Xenobiotics, Oxidative Stress and Allergic Inflammation 
Center, funded by the National Institute of Allergy and Infectious Diseases 
– NIH grant AI070453. The research described herein has not been sub-
jected to the agency's required peer and policy review and therefore does 
not necessarily reflect the views of the agency, and no official endorsement 
should be inferred. Mention of trade names or commercial products does 
not constitute an endorsement or recommendation for use. The authors 
would like to thank Subhasis Biswas and Harish Phuleria (USC), and Toni 
Miguel, Arantza Eiguren-Fernandez and Debra Schmitz (UCLA) for their 
assistance with sample collection and chemical analysis.
References
1. Lippmann M, Frampton M, Schwartz J, Dockery D, Schlesinger R,
Koutrakis P, Froines J, Nel A, Finkelstein J, Godleski J, Kaufman J,
Koenig J, Larson T, Luchtel D, Liu L-JS, Oberdörster G, Peters A, Sar-
nat J, Sioutas C, Suh H, Sullivan J, Utell M, Wichmann E, Zelikoff J: The
US Environmental Protection Agency particulate matter
health effects research centers program: A midcourse
report of status, progress, and plans.  Environ Health Persp 2003,
111:1074-1092.
2. Peters A, Dockery DW, Muller JE, Mittleman MA: Increased partic-
ulate air pollution and the triggering of myocardial infarc-
tion.  Circulation 2001, 103:2810-2815.
3. Pope CA, Burnett RT, Thun M, Calle EE, Krewski D, Ito K, Thurston
GD: Lung cancer, cardiopulmonary mortality, and long-term
exposure to fine particulate air pollution.  J Amer Med Assoc
2002, 287:1132-1141.
4. Ritz B, Yu F, Fruin S, Chapa G, Shaw GM, Harris JA: Ambient air
pollution and risk of birth defects in southern California.  Am
J Epidemiol 2002, 155:17-25.
5. Li N, Sioutas C, Cho AK, Schmitz D, Misra C, Sempf J, Wang M, Ober-
ley T, Froines J, Nel A: Ultrafine particulate pollutants induce
oxidative stress and mitochondrial damage.  Environ Health
Persp 2003, 111:455-460.
6. Oberdörster G: Pulmonary effects of inhaled ultrafine parti-
cles.  Int Arch Occ Env Hea 2001, 74:1-8.
7. Batalha JRF, Saldiva PHN, Clarke RW, Coull BA, Stearns RC, Law-
rence J, Murthy GGK, Koutrakis P, Godleski JJ: Concentrated
ambient air particles induce vasoconstriction of small pul-
monary arteries in rats.  Environ Health Persp 2002,
110:1191-1197.
8. Clarke RW, Coull BA, Reinisch U, Catalano P, Killingsworth CR,
Koutrakis P, Kavouras I, Murthy GGK, Lawrence J, Lovett E, Wolfson
JM, Verrie RL, Godleski JJ: Inhaled concentrated ambient parti-
cles are associated with hematologic and bronchoalveolar
lavage changes in canines.  Environ Health Persp 2000,
108:1179-1187.
9. Wellenius GA, Coull BA, Godleski JJ, Koutrakis P, Okabe K, Savage
ST, Lawrence JE, Murthy GGK, Verrier RL: Inhalation of concen-
trated ambient air particles exacerbates myocardial
ischemia in conscious dogs.  Environ Health Persp 2003,
111:402-408.
10. Saldiva PHN, Clarke RW, Coull BA, Stearns RC, Lawrence J, Murthy
GGK, Diaz E, Koutrakis P, Suh H, Tsuda A, Godleski J: Lung inflam-
mation induced by concentrated ambient air particles is
related to particle composition.  Am J Resp Crit Care 2002,
165:1610-1617.
11. Burnett RT, Brook J, Dann , Delocla C, Philips O, Cakmak S, Vincent
R, Goldberg MS, Krewski D: Association between particulate-
and gas-phase components of urban air pollution and daily
mortality in eight Canadian cities.  Inhal Toxicol 2000, 12:15-39.
12. Mar TF, Norris GA, Koenig JQ, Larson TV: Associations between
air pollution and mortality in Phoenix, 1995–1997.  Environ
Health Persp 2000, 108:347-353.
13. Metzger KB, Tolbert PE, Klein M, Peel JL, Flanders WD, Todd K, Mul-
holland JA, PB R, Frumkin H: Ambient air pollution and cardio-
vascular emergency department visits.  Epidemiology 2004,
15:46-56.
14. Dejmek J, Solansky I, Benes I, Lenicek J, Sram RJ: The impact of
polycyclic aromatic hydrocarbons and fine particles on preg-
nancy outcome.  Environ Health Persp 2000, 108:1159-1164.
15. Sheesley RJ, Schauer JJ, Chowdhury Z, Cass GR, Simoneit BRT: Char-
acterization of organic aerosols emitted from the combus-
tion of biomass indigenous to South Asia.  J Geophys Res-Atmos
2003, 108:AAC8.1-AAC8.15.
16. Donaldson K, Stone V, Seaton A, MacNee W: Ambient particle
inhalation and the cardiovascular system: Potential mecha-
nisms.  Environ Health Persp 2001, 109:523-527.
17. Squadrito GL, Cueto R, Dellinger B, Pryor WA: Quinoid redox
cycling as a mechanism for sustained free radical generation
by inhaled airborne particulate matter.  Free Radic Biol Med
2001, 31:1132-1138.
18. Schaefer F, Buettner G: Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple.  Free Radic Biol Med 2001, 30:1191-1212.
19. Schaefer M, Schaefer C, Ewald N, Piper HM, Noll T: Role of redox
signaling in the autonomous proliferative response of
endothelial cells to hypoxia.  Circ Res 2003, 92:1010-1015.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Particle and Fibre Toxicology 2007, 4:5 http://www.particleandfibretoxicology.com/content/4/1/5
Page 12 of 12
(page number not for citation purposes)
20. Sigaud S, Evelson P, Gonzalez-Flecha B: H2O2-induced prolifera-
tion of primary alveolar epithelial cells is mediated by MAP
kinases.  Antioxid Redox Sign 2005, 7:6-13.
21. Veronesi B, Oortgiesen M, Carter JD, Devlin RB: Particulate mat-
ter initiates inflammatory cytokine release by activation of
capsaicin and acid receptors in a human bronchial epithelial
cell line.  Toxicol Appl Pharm 1999, 154:106-115.
22. Cho AK, Sioutas C, Miguel AH, Kumagai Y, Schmitz DA, Singh M,
Eiguren-Fernandez A, Froines JR: Redox activity of airborne par-
ticulate matter at different sites in the Los Angeles Basin.
Environ Res 2005, 99:40-47.
23. Baulig A, Sourdeval M, Meyer M, Marano F, Baeza-Squiban A: Biolog-
ical effects of atmospheric particles on human bronchial epi-
thelial cells. Comparison with diesel exhaust particles.  Tocixol
in Vitro 2003, 17:567-573.
24. Kuenzli N, Mudway IS, Götschi T, Shi TM, Kelly FJ, Cook S, Burney P,
Forsberg B, Gauderman JW, Hazenkamp ME, Heinrich J, Jarvis D,
Norbäck D, Payo-Losa F, Poli A, Sunyer J, Borm PJA: Comparison
of oxidative properties, light absorbance, and total and ele-
mental mass concentration of ambient PM2.5 collected at 20
European sites.  Environ Health Persp 2006, 114:684-690.
25. Chung MY, Lazaro RA, Lim D, Jackson J, Lyon J, Rendulic D, Hasson
AS: Aerosol-borne quinones and reactive oxygen species gen-
eration by particulate matter extracts.  Environ Sci Technol 2006,
40:4880-4886.
26. Geller MD, Ntziachristos L, Mamakos A, Samaras Z, Schmitz DA, Fro-
ines JR, Sioutas C: Physicochemical and redox characteristics
of particulate matter (PM) emitted from gasoline and diesel
passenger cars.  Atmos Environ 2006, 40:6988-7004.
27. Hughes LS, Allen JO, Salmon LG, Mayo PR, Johnson RJ, Cass GR: Evo-
lution of nitrogen species air pollutants along trajectories
crossing the Los Angeles area.  Environ Sci Technol 2002,
36:3928-3935.
28. Sardar SB, Fine PM, Sioutas C: Seasonal and spatial variability of
the size-resolved chemical composition of particulate mat-
ter (PM10) in the Los Angeles Basin.  J Geophys Res-Atmos 2005,
110:D07S08.
29. Phuleria HC, Geller MD, Fine PM, Sioutas C: Size-Resolved emis-
sions of organic tracers from light- and heavy-duty vehicles
measured in a California roadway tunnel.  Environ Sci Technol
2006, 40:4109-4118.
30. Chellam S, Kulkarni P, Fraser MP: Emissions of organic com-
pounds and trace metals in fine particulate matter from
motor vehicles: A tunnel study in Houston, Texas.  J Air Waste
Manage 2005, 55:60-72.
31. Aust AE, Ball JC, Hu AA, Lighty JS, Smith KR, Straccia AM: Particle
characteristics responsible for effects on human lung epithe-
lial cells.  Research Report/Health Effects Institute 2002, 110:1-76.
32. Prahalad AK, Soukup JM, Inmon J, Willis R, Ghio AJ, Becker S, Gal-
lagher JE: Ambient air particles: effects on cellular oxidant
radical generation in relation to particulate elemental chem-
istry.  Toxicol Appl Pharm 1999, 158:81-91.
33. Sun JD, Wolff RK, Kanapilly GM, McClellan RO: Lung retention
and metabolic fate of inhaled benzo(a)pyrene associated
with diesel exhaust particles.  Toxicol and Appl Pharmacol 1984,
73:48-59.
34. Schuetzle D: Sampling of vehicle emissions for chemical anal-
ysis and biological testing.  Environ Health Perspect 1983, 47:65-80.
35. Arey J: Atmospheric reactions of PAHs including formation
of nitroarenes.  In The Handbook of environmental chemistry Volume
3. Edited by: Hutzinger O. Berlin Heidelberg New York: Springer-
Verlag; 1998:347-385. 
36. Schauer JJ, Cass GR: Source apportionment of wintertime gas-
phase and particle-phase air pollutants using organic com-
pounds as tracers.  Environ Sci Technol 2000, 34:1821-1832.
37. Kikuno S, Taguchi K, Iwamoto N, Yamano S, Cho AK, Froines JR,
Kumagai Y: 1,2-Naphthoquinone activates vanilloid receptor 1
through increased protein tyrosine phosphorylation, leading
to contraction of guinea pig trachea.  Toxicol Appl Pharmacol
2006, 210:47-44.
38. Tal TL, Graves LM, Silbajoris R, Bromberg PA, Wu W, Samet JM:
Inhibition of protein tyrosine phosphatase activity mediates
epidermal growth factor receptor signaling in human airway
epithelial cells exposed to Zn+2.  Toxicol and Appl Pharmacol 2006,
214:16-23.
39. Hughes LS, Allen JO, Bhave P, Kleeman MJ, Cass GR, Liu DY, Fergen-
son DP, Morrical BD, Prather KA: Evolution of atmospheric par-
ticles along trajectories crossing the Los Angeles basin.
Environ Sci Technol 2000, 34:3058-3068.
40. Kuhn T, Biswas S, Fine PM, Geller M, Sioutas C: Physical and chem-
ical characteristics and volatility of PM in the proximity of a
light-duty vehicle freeway.  Aerosol Sci Technol 2005, 39:347-357.
41. Birch ME: Analysis of carbonaceous aerosols: Inter-laboratory
comparison.  Analyst 1998, 123:851-857.
42. Eiguren-Fernandez A, Miguel AH, Jaques PA, Sioutas C: Evaluation
of a denuder-MOUDI-PUF sampling system to measure the
size distribution of semi-volatile polycyclic aromatic hydro-
carbons in the atmosphere.  Aerosol Sci Technol 2003, 37:201-209.
43. Mudway I, Stenfors N, Blomberg A, Helleday R, Dunster C, Marklund
S, Frew A, Sandstrom T, Kelly F: Differences in basal airway anti-
oxidant concentrations are not predictive of individual
responsiveness to ozone: a comparison of healthy and mild
asthmatic subjects.  Free Radic Biol Med 2001, 31:962-974.
44. Venkatachari P, Hopke P, Grover B, Eatough D: Measurement of
particle-bound reactive oxygen species in rubidoux aerosols.
J Atmos Chem 2005, 50:49-58.
45. Shi T, Schins R, Knaapen A, Kuhlbusch T, Pitz M, Heinrich J, Borm P:
Hydroxyl radical generation by electron paramagnetic reso-
nance as a new method to monitor ambient particulate mat-
ter composition.  J Environ Monitor 2003, 5:550-556.